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Open access under CC BDuplex stainless steel exhibits a dual phase microstructure of austenite islands in a ferrite matrix. The
oxidation characteristics of the phases depend on the composition within them. High temperature,
in situ SEM observation of the growing oxide on a duplex stainless steel has shown differences in the
morphologies of the oxide on the two phases. Cross-sections through the oxide, and at phase boundaries
reveal that the structures and thicknesses of the oxides on the two phases differ and that there is
enhanced oxide growth at the phase boundary which may be due to enhanced diffusion of manganese.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
There is currently a growing interest in the production and use
of duplex stainless steel, which are often lower in Ni content than
austenitic grades, due to the high cost of using Ni as an alloying
element. These alloys have corrosion resistance similar to that of
standard austenitic grades as well as good mechanical properties
[1]. The microstructure of duplex stainless steels is made up of aus-
tenite and ferrite the amount of which is dependent on the chem-
ical composition of the alloy and any heat treatments that the
material may have experienced. This dual phase structure compli-
cates the oxidation characteristics of these metals as each phase
shows different oxide microstructures and growth kinetics due to
their differing chemistries and crystal structures [2].
During manufacture, stainless steel is continuously cast to pro-
duce slab, bloom or billet. After the casting operation the metal is
then reheated to a temperature suitable for hot forming processes
such as rolling (usually in excess of 1200 C). During reheat, the
metal is exposed to oxidising conditions which cause a thick oxide
layer to form. In order to ensure an acceptable surface ﬁnish is
achieved on the ﬁnal cold rolled product, this oxide scale must
be removed using mechanical de-scaling methods such as the
application of high pressure water jets prior to hot rolling. If any
of the oxide scale remains on the surface during rolling then it
can cause defects to be produced in the metal, roughening of the
hot rolls and uneven heat transfer during the rolling process [3–
6]. These oxide scales have been shown to be highly complex: +44 1509 223949.
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Y license.and dependant on the metal composition, oxidation atmosphere,
temperatures and oxidation time [7,8]. Oxides formed on mild
and low alloyed steels are relatively straight forward [7,9]. Those
formed on steels alloyed with other elements such as Ni, Cr, etc.
however, produce a far more complex system. Studies of the oxida-
tion of austenitic stainless steels are numerous and show that oxi-
des produced on these systems generally produce a multi-layered
oxide structure [7,10,11] however, studies of the oxidation of du-
plex grades show that the oxide scales formed tend to be nodular
in nature with oxide nodules formed on the austenitic regions and
a more uniform base oxide forming on the ferrite regions [2,8,12].
Although the oxides produced on duplex grades after extended
oxidation periods have been studied, the oxidation during the ini-
tial stages of oxidation is less well known.
A number of methods for the study of early stage oxidation have
previously been attempted including the application of techniques
such as Auger Electron Spectroscopy (AES) and Secondary Ion Mass
Spectrometry (SIMS) to examine oxides produced after short oxi-
dation periods [13]. These techniques have been applied to thin
oxides which have been grown ex-situ which means they have
undergone a cooling sequence and have been exposed to air out-
side of the oxidation reaction. Environmental Scanning Electron
Microscopy (ESEM) allows the imaging of a sample in a gaseous
environment (rather than the usual vacuum) and also provides
the option of heating a sample in this gaseous environment. This
means that the process of oxidation can be directly observed (al-
beit in an atmosphere with reduced gas pressure). The work pre-
sented in this paper builds on previous studies of oxide scales
grown after long times at high temperature [2,7] by focussing on
the early stages of oxidation. It is hoped that work such as this will
aid in the understanding of how the early stages of oxidation relate
to the underlying phase distribution in duplex stainless steels and
Table 1
Nominal composition of S32101 duplex stainless steel.
Element Cr Ni Mo Mn C N Si
wt.% 21.50 1.50 0.30 5.00 0.03 0.22 0.6
Fig. 2. Secondary electron micrographs of (a) the surface oxide formed on S32101
with a 1 lm surface ﬁnish at 700 C for 5 min in laboratory air at 266 Pa and (b) at
higher magniﬁcation.
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the growth of industrial reheat oxides.
2. Experimental procedure
The initial material was a continuously cast S32101 duplex
stainless steel with the nominal composition shown in Table 1.
All of the samples studied were taken from a slab specimen at a
distance from the surface sufﬁcient to negate any effects of indus-
trial surface preparation. Samples for optical microscopy and Elec-
tron Backscatter Diffraction (EBSD) were mounted in conducting
Bakelite and ground and polished using standard techniques ﬁn-
ishing with a prolonged polish (at least 20 min) using colloidal sil-
ica solution. The oxidised samples were examined using a LEO
1530VP Field Emission Gun Scanning Electron Microscope (FEG-
SEM) equipped with an EDAX TSL Pegasus EBSD system with the
capability of simultaneous Energy Dispersive X-ray Spectroscopy
(EDS) data collection.
In situ oxidation, experiments were carried out using 3 mm
diameter discs with one surface ground and polished to a 1 lm dia-
mond ﬁnish. The 3 mm discs were then oxidised in a Philips XL-30
FEG ESEM with a hot stage attachment. The oxidising atmosphere
used was laboratory air at a pressure of 266 Pa. During the exper-
iment, the sample was observed and imaged using a primary beam
energy of 20 kV and an Everhart–Thornley secondary electron
detector. The sample was heated at a rate of 100 C/min to a tem-
perature of 700 C and held at this temperature for 8 min to stabi-
lise the stage and the microscope. The sample was then heated to a
ﬁnal temperature of 900 C at the same heating rate. The total time
of exposure of the sample was 120 min before cooling to room
temperature by turning off the heating coils. The samples were
then examined in the LEO 1530VP FEGSEM with chemical informa-
tion gathered using EDS. Cross-sections and Transmission Electron
Microscope (TEM) samples were produced using a dual beam FEI
Nova Nanolab 600 for Focused Ion Beam (FIB) milling perpendicu-
lar to the phase boundaries to determine their inﬂuence on the
oxide development and imaged using a Jeol 2000FX W-ﬁlament
TEM. EDS maps of the TEM samples were collected using the Nano-
lab 600 with a Scanning TEM (STEM) detector and an EDAX Genesis
EDS system at an accelerating voltage of 30 kV.
3. Results
Fig. 1 shows an optical micrograph of the as cast structure as
well as an EBSDmap of phase distribution. The microstructure con-Fig. 1. (a) Optical micrograph of the as-received material and (bsists of islands of austenite within a ferrite matrix such that there
are large matrix grains of ferrite with individual grains of austenite
within them with an austenite:ferrite ratio of 50:50.
Fig. 2(a) is a secondary electron image of the surface taken after
heating to 700 C at a rate of 100 C min1 and a hold at 700 C for
5 min. Even after this short time and low temperature of oxidation
there is a clear contrast difference between the oxides formed on
each phase. The oxide formed on the austenite regions have a low-
er image intensity than the bright oxide formed on the ferrite re-
gions. At higher magniﬁcation Fig. 2(b), the oxide produced on
the ferrite regions appears ﬁbrous with the oxide on the austenite
region almost featureless. In addition to this apparent difference in
oxide between the phases, there exists a band of oxide within the
austenite regions at a distance of approximately 1–2 lm from the
phase boundary which is similar in appearance to the oxide formed
on the ferrite phase. This band of oxide is present in all the austen-
ite islands visible within Fig. 2(a).) accompanying EBSD map showing the phase distribution.
Fig. 3. Series of secondary electron images captured during in situ oxidation of the austenitic and ferrite regions of S32101 stainless steel in laboratory air at 266 Pa at a
temperature of 900 C after 10, 30, 70, 80 min.
M.A.E. Jepson, R.L. Higginson / Corrosion Science 59 (2012) 263–269 265At the target temperature of 900 C, electron micrographs were
taken of the oxide formed on an austenite and ferrite region on
either side of a phase boundary every 10 min. Selected images
are shown in Fig. 3 for times of 10, 30, 70 and 80 min at 900 C.
On the austenite side of the boundary the initial oxide appears to
have a dark base onto which a number of small facetted, brighter
contrast oxide crystals have nucleated at discrete sites distributed
over the surface. To the right of the image is a small oval shaped
feature which was selected due to its similarity to oxide nodules
which have been shown to form on these grades [12,14]. After
the longest oxidation time, the surface is almost entirely covered
by the facetted oxide crystals although they do not appear to form
a continuous ﬁlm. Instead there are gaps between them where
they have not impinged on one another. On the ferrite side of the
boundary the oxide is more homogeneous than on the austenite
side. Although it is still possible to distinguish individual oxide
crystals, these appear to be more sintered with no underlying
oxide visible and the surface considerably ﬂatter than on the aus-
tenite side. As expected, there is an increase in the crystal size with
time; however, the morphology of the crystals does not change.
Fig. 4(a) shows a low magniﬁcation secondary electron micro-
graph of an interface between an austenite and ferrite grain after
oxidation and cooling to room temperature. This was selected
due to its proximity to the areas shown in Fig. 3 (indicated bythe boxes in Fig. 4). There are clear differences between the
appearance of the oxides produced on either side of the interface.
There is a region of enhanced oxide growth at the phase boundary
which is visible due to the oxide grains being brighter in contrast
than the surrounding oxide. The crystals along the phase boundary
also appear facetted and are, in general, larger than those on both
the austenite and ferrite regions. Fig. 4(b–d) shows the correspond-
ing EDS maps for Fe, Cr and Mn respectively, over the area shown
in Fig. 4(a). The maps reveal that the chemistries of the oxide from
each region vary. There is a higher Fe count on the austenite region
which extends to the ferrite edge of the enhanced growth region
over the boundary. Cr is present to either side of the boundary with
an increased count in speciﬁc areas of the austenite region which
correspond to the areas where the underlying oxide is visible in
Fig. 4(a), with areas where facetted oxides have formed showing
a lower Cr count. The oxide formed at the boundary is lacking in
Cr, particularly where the large grains have formed. The EDS taken
from this specimen type i.e. from a planar view, should be treated
with some degree of scepticism. The fact that both the Fe and the
Cr (the major constituents of the underlying alloy) are enriched in
the thinner parts of the oxide (i.e. the areas lacking large facetted
grains) means that it may be an effect of the volume sampled by
EDS. Mn reveals a pattern contrary to that of Cr with an overall
enhancement of Mn on the ferrite side of the boundary and within
Fig. 4. Secondary electron micrograph (a) with accompanying EDS maps of (b) iron, (c) chromium, (and d) manganese of the oxidised interface between the underlying
austenite and ferrite boundary of S32101 after in situ oxidation in an ESEM in laboratory air at a pressure of 266 Pa and a ﬁnal temperature of 900 C.
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constituent of the alloy (present only to a value of 5 wt.%), and lit-
tle Fe or Cr is observed in the oxide on the ferrite region, it can be
assumed that this is a true result. The facetted oxides of the austen-
ite region are also Mn enriched with the remainder of the oxide on
the austenite region lacking in Mn.
In order to gain a greater understanding of the chemical make-
up and the relationship between the oxide formed and the under-
lying microstructure a cross-section was prepared by the use of
FIB-milling. Fig. 5 shows an Ion induced Secondary Electron Micro-
graph (ISEM) of the FIB-milled cross-section through the underly-
ing phase boundary. Due to the geometry within the microscope,
the image is taken at a stage tilt of 52 which means that much
of the oxidised surface is also visible. In order to protect the top
surface of the specimen from damage during milling, a layer of
Pt was deposited. This protective layer can be seen as an additional
layer in the cross-section as indicated in Fig. 5(b). The large bright
grain visible towards the top of the image in Fig. 5(a) is not an
oxide crystal; instead it is a result of the deposition of Pt onto a
rough surface and, as such, should not be mistaken for an oxidefeature. The oxide formed is visible in the cross-section and is
clearly indicated by the labels in Fig. 5(b). The enhanced oxide
growth over the boundary is evident and there is a clear difference
in both the thickness and the morphology of the oxide to either
side of the boundary. The interface between the oxide and the fer-
rite grain is ﬂat whereas that on the austenite grain is more uneven
with a large number of asperities present. The oxide on the ferrite
grain is made up of two discrete layers, as shown by the contrast in
the ion image, whereas that on the austenite grain is more mixed
and porous in nature showing no clear layered structure. At higher
magniﬁcation, Fig. 5(b), there is a void where the phase boundary
(indicated by the dashed line) meets the oxide layer.
Fig. 6 shows a bright ﬁeld TEM micrograph and accompanying
EDS maps of the thin foil produced by FIB milling of the cross-sec-
tion shown in Fig. 5. It should be noted that the specimen used for
the TEM micrograph shown in Fig. 6 was produced after the cross-
section and represents the same area as Fig. 5. The oxide formed on
the austenite region is 0.8–1 lm thick, porous and consists of
grains of varying sizes. This oxide has no discernable discrete lay-
ers which means that it can be described as a single mixed-oxide
Fig. 5. Ion-induced secondary electron micrograph of a cross-section of the oxide
produced on the interface of an austenite/ferrite phase boundary in S32101 after
in situ oxidation in an ESEM in laboratory air at 266 Pa and at a ﬁnal temperature of
900 C (a) showing the trench and (b) a high magniﬁcation micrograph of the phase
boundary.
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gradient within the oxide with Mn rich oxides towards the top of
the scale and Cr rich oxides with small amounts of Si (not shown
in the EDS maps) and Fe towards the bottom of the scale with
the general formulae of M2O3 (where M is Fe, Cr and Mn). The
oxide formed on the ferrite region is pore free, measures
1.5 lm and consists of two physically different layers: a ﬁne-
grained region towards the substrate, appearing as a dark layer
on the ISEM in Fig. 5(b), and a coarser grained oxide on the outer
surface. EDS of the oxide reveals that the top layer is predomi-
nantly a Mn rich oxide (probably MnO) with a small amount of
Fe (5 at.%), an Fe rich layer (which appears brighter in the ISEM
image in Fig. 5) and a mixed Cr and Mn oxide (CrMn2O3) towards
the substrate. The oxide formed over the interface between the
austenite and ferrite consists of one large oxide grain upon a layer
of ﬁne oxide grains, position A in Fig. 6. EDS has shown that the
large oxide grain on the surface is manganese oxide (MnO).4. Discussion
The results from this experiment clearly show that there are dif-
ferences between the oxides produced on the austenite and ferrite
regions of the underlying alloy. It has been shown previously that
differences in oxide also exist between the phases after prolonged
oxidation of duplex stainless steels [2,8,12,14]. As shown in Figs. 5
and 6, the oxide produced in the ESEM is thicker and more compact
on the ferrite side of the phase boundary when compared to the
austenite region. It was shown previously that this conﬁguration
of oxide thickness persists until local breakaway oxidation on the
austenite phase regions commences [2] and causes the eventual
formation of oxide nodules. This arrangement is indicative of a dif-
ference in oxidation rate between the crystallographic phases of
ferrite (body centred cubic) and austenite (face centred cubic). This
difference may be attributable to differences in the chemistry be-
tween the underlying phases together with differing diffusion rates
between them of some (or all) of the elements. For example, it is
known that diffusion rates of some elements are faster in ferrite
than austenite [15] and in particular the diffusion of Mn, whichis present in the oxide of both phases, is three orders of magnitude
faster in ferrite with a calculated coefﬁcient of 2.31  1013 cm2s1
in ferrite and 7.12  1016 cm2s1 in austenite [16]. As oxidation is
a diffusion based process, this means that, at a particular temper-
ature, formation of a unit of an oxide on the ferrite region would
occur at a faster rate than the formation of the same unit of oxide
on the austenite region. It is assumed that similar diffusion rate
differences apply to other elements such as Cr. After the short per-
iod of oxidation time and at the relatively low temperatures and
pressure applied during this experiment, the differences in oxida-
tion rate have the effect of producing oxides of two clearly differ-
ent morphologies. As shown in Figs. 5 and 6, the austenite region
has a thin and porous oxide which appears underdeveloped
whereas the oxide on the ferrite region is thicker and denser.
One implication of the observed differences in oxide density is
that the oxide formed on the austenite region may have less of a
protective nature than the oxide formed on the ferrite phase. The
formation of a dense, impenetrable oxide layer prevents the in-
gress of O to the metal’s surface thus protecting the metal from cat-
astrophic oxidation. As the density and the thickness of the oxide
on the austenite region varies, it can be suggested that it may
not be as protective as the dense and apparently sintered oxide
formed on the ferrite phase and, therefore may contribute to the
catastrophic local breakaway oxidation observed after prolonged
oxidation of these duplex stainless steels [2].
In addition to the different oxides formed on the phases within
the material, it is evident from Figs. 3, 5 and 6 that there is en-
hanced oxide growth at the phase boundaries within the material.
Grain and phase boundaries act as pathways for increased diffusion
which contributes to enhanced oxidation at the phase boundaries
producing the larger oxide grains observed. The oxide scales ob-
served over the phase boundaries are of the structure shown in
Fig. 6 where a large grain of Mn rich oxide has formed on top of
a Cr rich oxide. This increased formation of Mn rich oxide can be
explained by the presence of a Mn enriched region within the fer-
rite adjacent to the phase boundary caused by the process of Mn
partitioning due to the super-saturation of the ferrite phase as de-
scribed by Sun and Pugh [16].
In the region of the phase boundaries shown in Fig. 2 (after the
preliminary stages of oxidation) there exists a small band of en-
hanced oxide growth within the austenite phase which is at a dis-
tance of 1–2 lm from the apparent boundary position. This
phenomenon is observable in all the austenite phase regions pres-
ent in Fig. 2(a). The mechanism of formation of this feature is un-
clear, however, it has been suggested that the boundary between
the ferrite and austenite phases within a 2.5 wt.% Mn duplex stain-
less steel is mobile due to a phase transformation to austenite upon
heating [16]. This suggests, therefore that the band of enhanced
oxide growth observed within the austenite region is the original
location of the austenite/ferrite phase boundary. As the speed of
the phase boundary motion will increase with increasing temper-
ature, it is reasonable to suggest that the band of oxide initially
formed at a temperature insufﬁciently high to cause rapid phase
boundary motion, but high enough to cause initial oxidation. This
could have produced the effect observed where the band is sepa-
rated from the ﬁnal boundary position by a region of reduced oxide
growth. The effect of this phase boundary motion on oxidation at
industrial reheat temperatures requires further investigation.
The oxidation of duplex stainless steels under more oxidising
environments (i.e. higher gaseous partial pressures at higher tem-
perature and/or longer times) has been shown to produce nodular
oxides which form on the austenite phase of the alloy [2,8,12] or in
the region of phase/grain boundaries in the substrate [14,17] and a
more even oxide on the ferrite region. The results presented here
demonstrate that these differences in oxide growth observed after
long periods of oxidation of duplex stainless steels have their ori-
Fig. 6. (a) Bright ﬁeld transmission electron micrograph with accompanying EDS maps for (b) iron, (c) chromium, (and d) manganese of a cross-section of the oxide produced
on the interface of an austenite/ferrite phase boundary in S32101 after in situ oxidation in an ESEM in laboratory air at 266 Pa and at a ﬁnal temperature of 900 C.
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the oxidation of stainless steel using high temperature in situ
observation will elucidate the mechanism of nodule formation
during high temperature processing of duplex stainless steels
and help to reduce the effect of oxidation on the quality of ﬁnal
rolled steel product.5. Conclusions
The initial stages of oxidation of a duplex stainless steel have
been studied using in situ SEM oxidation experiments. There is a
clear difference in both the morphology and growth of the oxide
on the constituent phases; the oxide on austenite is granular
whereas the oxide on the ferrite phase is more homogeneous and
sintered in appearance producing a dense scale. Surface EDS hasshown that the oxide on the austenite is rich in Fe and Cr with
Mn present in the larger angular grains. TEM/EDS has shown that
the oxides on both phases consists of an outer layer of MnO an in-
ner layer of CrMn2O3, with the ferrite showing an intermediate Fe
rich layer. There is an enhancement of oxide growth over the phase
boundary of MnO which may be due to both an increased Mn con-
tent within the vicinity of the phase boundary and an increased
diffusion rate of manganese along the phase boundary to the sam-
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